Type I rapidly fading supernovae (RFSNe) appear to originate from hydrogenfree stars with large radii that produce predominantly shock-cooling light curves, in contrast with more typical 56 Ni-rich SNe Ibc. However, it remains to be determined what types of stars would produce bright shock-cooling light curves without significant contribution from radioactive nickel. Bare helium stars in the mass range ∼ 2 − 4 M are known to hydrostatically develop radii as large as 100 R or more due to strong He and C shell burning outside of a core with a sharp density gradient. We produce several such stellar models and demonstrate that, when exploded, these helium giants can naturally produce RFSN light curves. Since many prototypical SNe Ibc should come from large-radius stars in this mass range as well, we predict that these RFSNe may be distinct from SNe Ibc solely due to the absence of substantial 56 Ni.
INTRODUCTION
There has been some difficulty in characterizing the stars that give rise to hydrogen-poor rapidly fading supernovae (RFSNe) discovered in recent years. Initially their short light curve rise and fall led to the conclusion that they must be very low-mass, perhaps non-terminal, ejections (Kasliwal et al. 2010) . However, radiation transport calculations (Kleiser & Kasen 2014) suggest that some of these objects require relatively large ( 0.3 M ) ejecta masses, implying that 56 Ni is not the dominant power source, since large ejecta masses with significant nickel content will produce a long-lasting light curve. Observational evidence from more recent RFSNe presented by Drout et al. (2014) and Shivvers et al. (2016) also point toward scenarios in which these stars explode inside extended envelopes or winds, suggesting that shock-deposited energy, rather than radioactive nickel, is the primary source of power for the light curve.
The question of why RFSNe would fail to eject nickel is still unanswered. Perhaps a large CSM-to-ejecta mass ratio could more effectively push the innermost material to E-mail:ikleiser@caltech.edu fall back onto the remnant through the reverse shock that forms once the ejecta and CSM collide (Chevalier 1989) . Alternatively, as shown previously (MacFadyen et al. 2001) , low explosion energies (∼ 0.1 B) could allow material to fall back, stifling the radioactive material and allowing only shock energy to power the light curve. Another possibility is that low shock temperatures may result in very little nickel production in the first place.
There are several possible mechanisms for developing an extended envelope around a hydrogen-free star toward the end of its life. A large effective radius (tens to hundreds of R ) could ensue from dynamical ejection of material in the last few days of the star's life or from heating and expansion of the envelope. One promising avenue for bringing significant mass out to large radii prior to explosion is the mechanism described by Quataert & Shiode (2012) in which instabilities in core oxygen burning produce g-modes that propagate as p-modes through the envelope. Large, thick envelopes could also be the result of common envelope evolution, as discussed by Chevalier (2012) in the case of SNe IIn. This possibility was invoked speculatively for RFSNe in previous work (Kleiser & Kasen 2014; Kleiser et al. 2018 ).
Here we entertain another possibility, which is more nat-urally produced in simple stellar evolution calculations. Extended helium red giant stars have been shown to arise from certain binary evolution scenarios and can explode as SNe Ibc (Paczyński 1971; Savonije & Takens 1976; Nomoto 1984; Habets 1986b; Yoon et al. 2010; Woosley et al. 1995; Dessart et al. 2018; Yoon et al. 2012; Podsiadlowski et al. 1992; Yoon 2015; Eldridge et al. 2015; Yoon et al. 2017; Divine 1965) . Upsilon sagittari (Dudley & Jeffery 1990; Koubský et al. 2006 ) may be an example of such a moderately inflated He star in the midst of case BB mass transfer. If these stars explode, even with a small amount of energy, their light curves could be very bright because of the very extended radius and moderate envelope mass while producing very little 56 Ni. These helium stars, typically in the range of 2-4 M after stripping, are therefore appealing candidates for RFSNe; they naturally develop very extended radii ( 100 R ), and some of them are expected to result in electron-capture SNe (ECSNe) and low-mass iron core-collapse SNe (CCSNe), which should produce very small amounts of 56 Ni without the need for fallback of material onto the remnant (Radice et al. 2017; Müller et al. 2017; Mayle & Wilson 1988; Sukhbold et al. 2016) . In this paper, we explore this possibility by running numerical simulations of the evolution of these stars, their explosions, and resulting light curves and spectra.
METHODS
Using MESA version 10000, we model helium stars in the 2-4 M mass range using a constant mass loss rate of 10 −3 M /yr after the star has left the Main Sequence and expanded such that its surface temperature has dropped below ∼ 5000 K. This threshold is meant to indicate when the star's radius has likely increased enough for Roche lobe overflow. Once the H envelope has been removed, the artificial mass loss is shut off. The bare He core is then allowed to evolve until the simulation is stopped. We use the default settings for massive stars in MESA, including a "Dutch" hot wind scheme with scaling factor of 0.8 (Glebbeek et al. 2009 ). We use Type 2 opacities and assume solar abundances at the beginning of the simulation.
We use the final progenitor star model as the input for our 1D hydrodynamics code and run a shock through it after removing the innermost 1.4 M , assuming this forms the remnant. The explosion energy is chosen by hand and deposited as a thermal bomb by artificially increasing the thermal energy of the innermost few zones. The hydrodynamics code is not coupled to radiation but uses a γ = 4/3 equation of state.
We feed the output profile into a separate radiation transport code, SEDONA (Kasen et al. 2006) , once the ejecta are roughly free-streaming, as described in Kleiser et al. (2018) . The implicit assumption is that the ejecta will expand adiabatically and radiation will be trapped until it is homologous. This may not be the case for all objects, e.g. those in which radiation begins escaping before the shock has traversed the entire stellar envelope and interaction is still occurring while the supernova can be observed optically. However, this assumption should be appropriate for many objects, particularly those from intermediate-radius stars. Even in cases where radiation hydrodynamics would be ideal, our results should provide informative rough peak luminosities and decline timescales; the behavior of the rise will not be adequately captured. Therefore, with this simplification, we use SEDONA to calculate time-dependent light curves and spectra for our ejecta profiles beginning about a day after explosion. In some of our light curve calculations, we add 56 Ni that has essentially a smoothed step-function profile, as described in Kleiser et al. (2018) .
RESULTS
We have produced stellar models with varying zero-age Main Sequence mass MZAMS between 12 and 18 M such that their bare helium cores lie in the 2-4 M range once the hydrogen envelope is removed. For the lower-mass models, the calculation slows dramatically after oxygen core formation due to the overlap of convective regions with thin burning shells. Since the envelope of the star is already quite extended by this time, we stop all models once the radius has settled into a relatively stable state. In models we allowed to run longer, the radius tended to remain constant after this point or increase steadily, but here we show only the evolution up until just after the radius settles following oxygen core formation. The more massive stars are able to evolve further, and we stop them at the point of off-center neon ignition. These stars expand in radius somewhat, although not as much as their lower-mass counterparts.
We show Kippenhahn diagrams of one low-mass and one high-mass star in Figure 1 . Helium shell burning is responsible for the initial expansion of the radius during core carbon burning. As the carbon in the core is exhausted, an oxygen core begins to form and carbon shell burning starts. In the case of a low-mass star, a convective layer develops at the surface and extends inward, which helps inflate the star dramatically. Once the convective envelope penetrates down to the He and C shell burning regions, which are now very narrow and nearly on top of one another, the envelope enters a tumultuous phase and the radius is highly variable before settling into a slower and more steady growth. The differences in behavior between the two types of models is consistent with previous findings (e.g. Habets 1986a,b; Yoon et al. 2010) .
The higher-mass stars, by contrast, do not develop a surface convective zone, and the He and C shell burning layers remain separate. Instead, helium shell burning creates a convective shell, but it does not lead to the dramatic expansion seen in the low-mass stars. We can also see that core burning continues in the higher-mass star, whereas the lower-mass star develops a degenerate core. Figure 2 shows the photospheric radius as a function of carbon core mass near the end of the star's evolution. The lower-mass stars expand dramatically and have some rapid variability before they settle into their final radii. Meanwhile, their higher-mass counterparts expand steadily up to the point of off-center neon ignition, but they only grow to a few solar radii.
We show the final stellar density profiles of all models in Figure 3 . The models with very extended radii show, as discussed in Habets (1986b) , a very steep density gradient outside the core and low-density envelope. Larger-mass The radius over time is overlain as well, and hatches indicate convective regions. For both stars, the radius expands when the carbon core forms and helium shell burning begins. The radius of the lower-mass star grows dramatically as a convective layer forms at the surface and deepens throughout the envelope, eventually reaching the He and C shell burning regions, which have grown very close to one another. This dramatic expansion does not occur for the higher-mass star, although the evolution and final structure also will depend on the size of the Roche lobe at this point. models do not feature this density gradient and have a more even distribution of mass.
When the stellar models are exploded, shock heating of the envelope converts some of the kinetic energy back into thermal energy. This behavior was explored for toy helium shells added to smaller-radius stars in Kleiser et al. (2018) but is also well known for giant stars with extended envelopes (see e.g. Popov 1993; Woosley et al. 1995; Kasen & Woosley 2009 ). Even for lower-energy (0.1 B) explosions, if the radius is large, then the final thermal energy at t = 10 5 s can still be significant. In Figure 4 , we show light curves from all of our exploded models, some of which are qualitatively similar to RFSNe. While rise times are long compared to known objects, peak luminosities and timescales are similar. Low-mass models with large radii produce bright supernovae with relatively short rise times and very rapid decay times. More massive stars with smaller radii produce dim, Figure 3. Stellar density profiles for final stellar models. The lower-mass stars have steeper density gradients outside their degenerate cores, causing their envelopes to expand to large radii due to helium shell burning. Meanwhile, higher-mass stars have much more even density distributions and much less steep gradients outside the core.
very short light curves that would be difficult to detect without nickel. The low-mass models we exploded with 0.1 B are moderately bright and more plateau-like than typical RFSNe. Dessart et al. (2018) also show a shock cooling light curve from a moderately extended helium giant, but it is relatively dim and very short-lived, and they propose this as an early component of SN Ibc light curves rather than as an explanation for RFSN light curves. Using a similar 56 Ni abundance profile to the ones explored in Kleiser et al. (2018) , we add various amounts of mixed nickel to our 15 M model exploded with 1 B, shown in Figure 4 . If the nickel is more radially mixed (i.e. not centrally concentrated), the peak blends with the shock cooling peak. A radioactive tail is also present, but most of the Figure 4 . Top: Light curves (SDSS r-band) for all models. Light curves in the g and i bands track the r band closely in all cases. The peak luminosities and timescales are similar to many known RFSNe, although it is difficult to capture the rapid rise times while maintaining a slow enough decline time, as seen by comparison to SN 2010X . Lower-energy explosions rise more slowly, are slightly more plateau-like, and drop off rapidly. The explosions of low-radius, high-mass helium stars are faint without nickel. Bottom: SDSS r-band light curves calculated using the M2.73 E1 explosion model with various amounts of mixed 56 Ni using the formula in Kleiser et al. (2018) with the transition from nickelrich to nickel-poor ejecta spanning ∼ 50 out of 200 zones. A small amount of 56 Ni can produce a tail while most of the peak luminosity still comes from shock cooling.
peak luminosity comes from shock cooling. In a scenario like this, in which an extended helium star explodes with a small amount of highly mixed nickel, it may be difficult to distinguish the light curves from those of a regular SN Ibc that is dominantly nickel-powered.
DISCUSSION AND CONCLUSIONS
We have presented models of bare helium cores from the lower-mass end of massive stars that expand to very large radii toward the end of their lives. This expansion is due to intense shell burning when the core contracts, similar to the mechanism for envelope expansion in hydrogen-rich red giant stars (Habets 1986a,b; Yoon et al. 2010) . The greatest expansion occurs for stars with cores that become very compact with a sharp density gradient above the core during carbon shell burning. The helium stars in these mass ranges would probably end their lives as either iron core-collapse or electron-capture SNe. Even without production of radioactive nickel, explosions of stars with such extended radii can produce bright transients, and they qualitatively reproduce the features of some RFSNe discovered in recent years. We have found that lower explosion energies, which may be more relevant for electron-capture SNe, can still yield transients bright enough to detect. He cores from 16 M stars and above do not develop large radii and would be very difficult to observe without the presence of nickel.
There are several possible explanations for the dearth of nickel available in the ejecta. In previous work (Kleiser et al. 2018) , we considered the fallback of some of the innermost material onto the remnant (MacFadyen et al. 2001; Moriya et al. 2018 ). This scenario is unlikely for the helium giants presented here because they have steep density gradients outside their cores and low compactness (O'Connor & Ott 2011; Sukhbold et al. 2016) , which more readily allow for neutrino-driven explosions with very little bound material (Müller et al. 2017) . If the star explodes as an electron-capture SN, it is expected to produce very little nickel (Nomoto 1987; Miyaji & Nomoto 1987; Mayle & Wilson 1988; Wanajo et al. 2009; Müller et al. 2017; Poelarends et al. 2017 ). Additionally, core-collapse explosions from iron cores on the lower-mass end should also produce much less nickel than their more massive counterparts (Radice et al. 2017) . Sukhbold et al. (2016) show iron yields, which can be taken as a proxy for nickel yields, for single stars models; stars with cores comparable to those of helium giants from binaries produce less nickel by a factor of about 10.
An important consideration for the light curves is that the final radii and envelope configurations of these models may evolve beyond what are presented here. If they become even more extended, they could result in even brighter supernovae. Based on preliminary calculations, we speculate that the radii of many of these stars could reach hundreds of R . However, the radii may be constrained by companion interaction; if the orbit has not widened enough, the expanding helium star will overflow its Roche lobe and be stripped via case BB mass transfer (see e.g. Delgado & Thomas 1981; Dewi et al. 2002; Tauris et al. 2017) . Explosions from stars that have undergone such extreme stripping have been explored by Tauris et al. (2013) and Tauris et al. (2015) .
We have used a simple mass loss prescription that mimics Case B mass transfer, then allow the star to evolve as though it is a single star. Realistically, a scenario is needed in which the entire hydrogen envelope can be lost to Roche lobe overflow; but at the end of the star's life, the He envelope is allowed to expand without becoming unstable. There are several ways to accomplish this. One is that the secondary star is more massive than the He star after case B mass transfer. Any subsequent mass loss from the He star due to Roche lobe overflow will cause the orbit to widen, and for some binary configurations the He star may have quite an extended radius at core-collapse. It will require a more detailed exploration of binary parameters to show what final donor star structures are possible (see e.g. Yoon et al. 2010) . Even if the star overfills the new Roche lobe, the Roche lobe only needs to be 100 − 200 R for the star to produce bright shock-cooling transients. It is also possible that material overflowing the Roche lobe produces a com- i Thermal energy at 10 5 seconds after the star is exploded with 1 B (erg). j Supernova r-band peak absolute magnitude.
k Timescale of the supernova (days), from explosion until the r-band luminosity declines by a factor of 2 from peak. mon envelope ejection, which the exploding star might run into as a dynamically ejected shell or wind rather than as an extended hydrostatic envelope.
Alternatively, as described by Dessart et al. (2018) , the accretor may be originally a lower-mass star that then becomes higher mass once it removes the donor's hydrogen envelope. This star then might evolve faster than its companion and explode as a supernova first, potentially unbinding the binary system and allowing the donor to continue evolving as a single helium star. In this scenario, the helium envelope could then expand unimpeded and possibly reach several hundred R . Another way to produce a single helium star would be a common envelope interaction during case B mass transfer, in which a low-mass companion star merges with the core of the donor. The small amount of remaining hydrogen could then be lost via winds during the core helium-burning phase, producing a bare helium core that could expand unimpeded.
A broader consideration is that many regular SNe Ibc, which are assumed to be mostly radioactively powered, could have a strong shock cooling component (Arnett 1982; Bersten et al. 2014) . As seen in Kleiser et al. (2018) , adding some nickel to the ejecta can result in double-peaked light curves, but if a small amount is mixed into the ejecta, the peaks may be blended. In fact, the presence of an extended envelope should cause a reverse shock that will cause Rayleigh-Taylor instabilities and mix nickel outward (Paxton et al. 2018) . Therefore the luminosity from any nickel produced in the explosions of these helium red giants would likely blend with the shock cooling component rather than causing a double-peaked light curve. The Rayleigh-Taylor mixing would also change the overall abundance structure, which we do not address here. If blending between a significant shock cooling component and nickel component occurs, then it would be difficult to tease out the contribution of each power source based on the peak luminosity.
